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25km resolution

100km resolution

300km resolution

TRMM: Satellite data (Precipitation)

Resolution impact with same physicsResolution impact with same physics



Probabilistic distribution of different resolution

Advantage of high resolutionAdvantage of high resolution
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No cumulus parameterization

RAS

TRMM

Monthly Mean

1999 
June mean
precipitation

Parameterization is still needed for O(10km) models
But not as it is in O(100km) models



Grid size: 
O(100km) O(10km) O(1km)

Cloud
Resolving

Targeted resolution

All types of clouds coexists
Cumulus ensemble

Cloud is homogeneous in horizontal space
Bulk model

But, still vertically inhomogeneous
Turbulence ensemble

Equilibrium assumption

deep
convection

Horizontally
homogeneous

Many types of 
cloud



Cloud Base (LCL)

Entrainment rate:ε

Cloud Top1 (LNB)

Cloud structure

Cloud Top 2

Cloud Top 3

Cumulus ensemble (A-S) type

Physics of cumulus parameterization

All types of clouds coexists
Cumulus ensemble

Cloud top/entrainment rate
Deterministic, insensitive to environment

Cloud Base (LCL)

*similar approach: ECMWF, MPI, UKMO

Entrainment rate:ε

*ε: state-dependent

Cloud structure

Cloud Top

Bulk type

Cloud is homogeneous in horizontal space
Bulk model

Entrainment rate is state-dependent
Environment affects cloud-top



CRM

Bulk

RAS

Massflux RH

SCM experiment
*TOGA-COARE forcing
*28NOV1992-10DEC1993



35 km resolution simulation - Jan1996

CMAP

Bulk2

RAS

Bulk1



*Kim and Kang (2009)

• Reference point 
: 155‐160oE, 5oN‐5oS averaged

a) NCEP

b) Bulk c) RAS

ERA40/GPCP Bulk RAS

Relative humidity composite based on precipitation

Lag correlation (U850)

RH composite and lag correlation diagram



Deep cumulonimbusCumulusStratus
/Stratocumulus

Dry convection
in PBL

Local turbulence

vertical velocity 40% 20
%

10% 1%5%

PDF of
Vertical velocity

PDF based Turbulence Ensemble
- Horizontally homogeneous, vertically inhomogeneous

Environment

Environment

Environment

Condensation level

Used to initiate different clouds

Cumulus



Low resolution ~O(100km)

High resolution ~O(10km)

Bulk cumulus 
model & 

Turbulence 
ensemble 

parameterization

Cloud 
microphysics

Cloud resolving model 
: O(less than 1km)



CRM Cloud MicrophysicsConventional GCM

Cloud waterCloud water Liquid waterLiquid water Cloud iceCloud ice

RainRain SnowSnow

PrecipitationPrecipitation

:removed in 1 step

liquid/ice

Implicit 
Parameterization

Autoconversion
Accretion…

GraupelGraupel

PrecipitationPrecipitation

Aerosol Indirect Effect 
- Global radiation budget change

Climate change simulation
- Regional climate impact

Change monsoon circulation  

Explicit
Parameterization

Multi-scale Modeling Framework 
(Superparameterization)

GCM grid

CRM (2D)

NASA/GSFC, CSU

Global Cloud Resolving Model

NICAM (Japan)

*Horizontal Resolution of CRM: 4km 14, 7, 3.5km

Current approaches



Radiative-Convective equilibrium experimentRadiative-Convective equilibrium experiment

Radiative
cooling

10km

12km

Altitude

-1.5K/day SST: 302K

Self adjusted by energy 
balance

Experimental design

1, 5, 10, 20km resolution (2000 grids)



500m

125m
250m

1km

drier

10km

1km
5km

20km

Specific
Humidity [g/kg]

Radiative-Convective equilibrium experiment of
Goddard Cumulus Ensemble model
Radiative-Convective equilibrium experiment of
Goddard Cumulus Ensemble model



3.9mm/day

Hovmuller diagram of precipitation Mean wind : 0m/s

3.8mm/day 3.8mm/day 4.3mm/day

[mm/hr]



Microphysics budget of GCEMicrophysics budget of GCE

Water vaporWater vapor

Experiment

Unit Hydrometeor [mm]
Processes [mm/h]

0.034
0.045

0.040
0.055

Cloud waterCloud water

0.013
0.015

0.014
0.015

Cloud iceCloud ice

0.049
0.030

0.035
0.028

Graupel/HailGraupel/Hail

0.011
0.015

0.013
0.016

0.050
0.035

0.043
0.023

Rain waterRain water

SnowSnow

0.040
0.015

0.019
0.013

sublimation

0.437
0.163

0.197
0.176

evaporation

0.100
0.045

0.067
0.022

evaporation
0.704
0.369

0.424
0.358

condensation

0.054
0.034

0.036
0.032

deposition

0.017
0.015

0.015
0.015

freezing

0.186
0.195

0.185
0.180

Rainfall rate

0.009
0.004

0.006
0.004

accretion

0.053
0.032

0.040
0.028

accretion

0.019
0.027

0.023
0.028

Bergeron

0.006
0.010

0.008
0.010

accretion

0.025
0.041

0.034
0.042

accretion

0.011
0.003

0.005
0.002

accretion
0.006
0.007

0.006
0.007

melting

0.109
0.082

0.089
0.077

melting

0.187
0.144

0.159
0.122

accretion



Modification on condensation process

condensation

T0: melting temperature (0°C  )

T00: reference temperature (-35°C  )
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qv: mixing ratio of water vapor [g/g]

qsat: saturated mixing ratio of water vapor

Condensation process in GCE model

Condensation criteria  qv > qsat

High resolution

Saturated in specific region

Fractionα

Condensation area

Evaporation area (if cloud water exists)Low resolution
water vapor (saturated)
water vapor (unsaturated)



Modification on condensation process

Total condensation rate in low resolution grid
= condensation           + evaporation 
Total condensation rate in low resolution grid
= condensation           + evaporation α× ( )α−× 1

Fraction of condensation area

( )α

RH

Pr
es

su
re

RH vs. amount of condensation

1km -> 10km

10km 



GCE resultsGCE results

Specific humidity

1km CTL

10km CTL

10km MOD

6th day ~ 15th day
(10 days mean)- modification on condensation process

- modification on cloud water autoconversion process
- modification on diffusion (add shallow convection scheme)



Cloud
fraction

Resolution

Parameterized cloud Cloud resolving

Grid size: 
O(100km) O(1km)

Cloud microphysics Parameterized rain 
process (Simple
microphysics)

Explicit 
microphysics

Resolution dependency in microphysics

Time step:
O(10mn) O(10s)

O(10km)

O(1mn)

Modified
microphysics

(Resolution dependency + 
sub-grid scale variability)



Conclusion

Bulk cumulus &
PDF-based turbulence 

ensemble cloud

Statistics from cloud resolving model
~O(less than 1km)

Semi-explicit microphysics

Moist physics for high resolution model ~ O(10km)

Cumulus convection Cloud microphysics



Thank you!Thank you!



( )0ccRAUT qqP −=αρ If qc<qc0 (no process to make rain water)

Auto-conversion process

Un-resolved eddies - shallow convection

Enhanced vertical mixing is expected to reduce the dry bias in the middle of troposphere.Enhanced vertical mixing is expected to reduce the dry bias in the middle of troposphere.

shallow 
convection No precipitation, Diffusion type (Tiedtke 1984)

Effects: Temperature, Water vapor mixing

the criteria (qc0) should be reduced in coarse resolution the criteria (qc0) should be reduced in coarse resolution 

Semi-explicit microphysics
- modification of condensation process (sub-grid concept)



Cloud
fraction
σ

Resolution

σ << 1 σ ~ 1

Grid size: 
O(100km) O(1km)

Simple
parameterization

Cumulus ensemble
Cloud

resolved

0 < σ < 1

O(10km)

Modified
Microphysics

Bulk
Turbulence ensemble

Cloud
statistics

Resolution dependent assumption

MicrophysicsRain
Processes



10km CRM

10 grids mean 
of 1km CRM

PDF of vertical wind
Difference from 1km CRM

Turbulence characteristics




